D-Amino acids occur in modest amounts in bacterial proteins and the bacterial cell wall, as well as in peptide antibiotics. Therefore, D-amino acids present in terrestrial vertebrates were believed to be derived from bacteria present in the gastrointestinal tract or fermented food. However, both exogenous and endogenous origins of D-amino acids have been confirmed. Terrestrial vertebrates possess an enzyme for converting certain L-isomers to Disomers. D-Amino acids have nutritional aspects and functions, some are similar to, and others are different from those of L-isomers. Here, we describe the nutritional characteristics and functions of D-amino acids and also discuss the future perspectives of D-amino acid nutrition in the chicken. characteristics and functions of each D-amino acid. We focused on and compared their distribution, possible roles, differences between D-and L-forms in chickens and mammals. We also discussed future perspectives of D-amino acid nutrition in chickens.
Introduction
One of the main objectives of animal production is the provision of proteins with excellent amino acid composition. Attention has been focused on the 19 L-α-amino acids and glycine necessary for protein synthesis. Therefore, it is essential to obtain sufficient quantities of these amino acids. Although some amino acids are used for protein synthesis, they also have other physiological functions in the free form. The amino acid function can be confirmed regardless of whether it is nutritionally essential or non-essential. For example, L-glutamate (Glu) and L-aspartate (Asp) act as excitatory neurotransmitters while glycine acts as an inhibitory neurotransmitter. L-Leucine (Leu) stimulates protein synthesis (Anthony et al., 2000) and suppresses protein degradation (Buse and Reid, 1975) in skeletal muscle. Certain non-coded or non-proteinogenic L-α-amino acids have been used as markers linked to animal production: 3-methyl-Lhistidine is an indicator of skeletal protein degradation (Asatoor and Armstrong, 1967) and L-hydroxyproline is an indicator of collagen metabolism (Reddy and Enwemeka, 1996) . In addition to these L-α-amino acids, β-amino acids, γ-amino acids, and D-amino acids have many functions in animals. For example, β-alanine (Tiedje et al., 2010) and γaminobutyric acid (GABA) act as inhibitory neurotransmitters. In this review, we focused on the role of D-amino acids in chicken physiology and nutrition.
For this review, it is appropriate at first, to discuss certain studies on D-amino acid metabolism. Firstly, D-amino acids are recognized as essential constituents of bacterial peptidoglycans and some antibiotics. D-Amino acids are synthesized enzymatically rather than ribosomal. The primary function of mammalian D-amino acid oxidase (DAAO) and D-Asp oxidase was to detoxify the small amounts of Damino acids derived from the intestinal bacterial flora (Bender, 2012) . Subsequently, serine (Ser), Asp, and alanine (Ala) racemases are identified in the eukaryotes and several marine invertebrates. D-Asp was present in the nervous system of cephalopods and D-Ala in the muscle and hepatopancreas of crustaceans (Bender, 2012) . Furthermore, the presence of D-Ser, D-Asp, and D-Ala was confirmed in plasma and brain tissues of both germ-free and specific pathogen-free mice (Kawase et al., 2017) . These facts suggest that DAAO and D-Asp oxidase are necessary for the D-amino acids produced by intestinal bacteria and those provided by the animals. To understand the role of D-amino acids in nutrition, it is essential to recognize the intestinal amino acid transporters. Transport of most free amino acids from the lumen of the small intestine into the mucosal cells occurs by active processes that transport amino acids against a concentration gradient. These transport mechanisms require energy and show specificity for the L-forms of the amino acids. D-Amino acids are generally absorbed slower than the corresponding L-forms (Scott et al., 1982) .
The present review aimed to introduce the nutritional D-Asp D-Asp occurs in the central nervous system of various species, including chickens, pigeons, rats, mice, and humans (Hashimoto et al., 1993a (Hashimoto et al., , 1995 Kera et al., 1996; Morikawa et al., 2001; Neidle and Dunlop, 1990) . Although D-Asp is present in selected neuronal populations in the brain, it is concentrated mainly in glands, especially the epinephrinecontaining cells of the adrenal medulla, the posterior pituitary, and the pineal gland (Dunlop et al., 1986; Hashimoto et al., 1993b; Schell et al., 1997) . Neidle and Dunlop (1990) measured free D-Asp in White Leghorn chicken embryos. In each tissue examined, the maximum D-Asp level was found at a specific time during development. In the embryo brain, the highest D-Asp was 9% of total L-and D-Asp at 11 days of incubation and 20% at 13 days of incubation in the retina. In addition, the total D-Asp content of the egg, including the embryo, increased from 45 nmol/egg on day-1 to 159 nmol/ egg on day-12. Hence, suggesting the release of D-Asp from the bound form or de novo synthesis is a continual process during development. Zachar et al. (2018) determined the extracellular concentration of D-Asp in microdialysis samples from the brain regions (medial striatum, intermediate medial mesopallium, arcopallium, and cerebellum) of freely moving Hunnia broiler chicks. D-Asp decreased during the first week of age, with no considerable regional-or learning-related variation. In layer chicks, Erwan et al. (2012) carried out behavioral experiments under socially isolated stressful conditions exacerbated by the use of corticotrophin-releasing hormone (CRH). Intracerebroventricular (i.c.v.) injection of both Land D-Asp induced sedative effects under an acutely stressful condition. L-Asp (but not D-Asp) increased the time spent in a sleeping posture. These results indicate that both L-and D-Asp, when present in the brain, could induce a sedative effect, although the mechanism for hypnosis in neonatal chicks may be different for L-Asp compared to D-Asp. Later, Erwan et al. (2014b) investigated the involvement of the N-methyl-D-aspartate (NMDA)-type of L-Glu receptor to identify the receptor-mediated function of L-and D-Asp in layer chicks. As shown in Fig. 1 , the L-Asp-mediated sedative and hypnotic effects were blocked by co-administration of (+)-MK-801, an antagonist of NMDA receptors. Importantly, the sedative effects induced by D-Asp shifted to hypnotic effects with co-administration of (+)-MK-801. Taken together, L-Asp could induce sedative and hypnotic effects for stress behaviors through the NMDA receptor. However, the attenuation of stress behaviors by D-Asp could be due to the simultaneous involvement of receptors other than the NMDA receptor. D'Aniello et al. (2011) suggested that rat postsynaptic membranes possess a specific type of receptor for D-Asp, different from that which triggers L-Glu. In contrast, D-Asp could also be the precursor for the endogenous synthesis of NMDA (D'Aniello et al., 2000) . The synthesis of NMDA may be modified by i.c.v. injection of D-Asp. Concerning the nutritional aspects of D-Asp, Maruyama et al. (1972) reported that in chicks produced from mating male New Hampshire with female Single Comb White Leghorn, the presence of 2% of D-Asp in the diet significantly depressed growth, whereas 6% L-Asp did not. When L-Asp replaced D-Asp, after one week, the growth rate and feed consumption increased rapidly and approached the values of the control birds. Erwan et al. (2013) confirmed that oral administration of several doses of L-Asp increased the concentration of L-Asp linearly, but not of D-Asp, in the plasma of layer chicks. Oral L-Asp administration resulted in a slight increase of D-Asp levels in the telencephalon, but not in the diencephalon. However, food intake did not change significantly with L-Asp doses. On the other hand, D-Asp strongly and dose-dependently inhibited food intake during the 2-h administration period. Oral D-Asp increased D-Asp levels in the plasma and diencephalon, but resulted in no significant changes in L-Asp. In addition to food intake and growth, body temperature was also affected by D-Asp. According to Erwan et al. (2014a) , oral administration of D-Asp (but not of L-Asp) linearly decreased the rectal temperature in layer chicks. Importantly, orally administered D-Asp led to significant reduction in body temperature in chicks, even under high ambient temperatures. However, centrally administered D-Asp did not have considerable influence on the body temperature in layer chicks. As for the plasma metabolites and catecholamines, orally administered D-Asp decreased triacylglycerol and uric acid concentrations and increased glucose and chlorine concentrations, but did not alter plasma catecholamines. These results suggest that oral administration of D-Asp, different from L-Asp, may play a significant role in reducing body temperature under both normal and high ambient temperature conditions. The changes in plasma metabolites further indicate that D-Asp may contribute to the regulation of metabolic activity in layer chicks. However, these results suggested nutritional differences between L-Asp and D-Asp.
D-Glu
D-Glu and -Asp are acidic and vital amino acids. Compared to D-Asp, the information for D-Glu is limited. Maruyama et al. (1975) reported that chicks derived from mating male New Hampshire with female Single Comb White Leghorn, tolerated nearly 15% of dietary L-Glu with no growth retardation. However, 3.75% of D-Glu levels resulted in growth suppression at the end of the 2-week experiment. Free ammonia increased in both the liver and kidney when D-Glu was included in the diet.
D-Amino Acids with Side Chains Containing Hydroxylic Groups

D-Ser
D-Ser is physiologically relevant as a co-agonist of NMDA receptors in mammals (Wolosker et al., 2008) . To our knowledge, however, it is unclear whether D-Ser has a similar physiological function in chickens. Nagata et al. (1994) confirmed that cerebrum in White Leghorn chickens (adult, 2.5-3 kg) contains much lower amount of D-Ser compared to Wistar rats (male, 9 weeks old, 240-260 g), and BALB/cA mice (female, 8 weeks old) (means (nmol/g wet tissue)±SEM: chickens, 7.0±0.7; mice, 520±98; rats, 395 ±74, respectively). It is worth investigating whether the differences in levels are associated with different physiological roles in animals.
Chicks are comfortable in crowded conditions, but become stressed when isolated. This social separation stress increases spontaneous activity in chicks as well as their distress vocalizations (Saito et al., 2005) . According to Asechi et al. (2006) , in layer chicks, i.c.v. injection of L-Ser significantly decreased the number of distress vocalizations, but D-Ser did not. In the L-Ser treated group, the time for active wakefulness decreased significantly and increased substantially for sleeping posture compared to the control group. However, in the D-Ser treated group, no behavioral differences were observed compared to the control group, and sleeping posture was absent. I.c.v. injection of several glutamate receptor agonists was administered to chicks under social separation stress. In layer chicks, L-Glu dose-dependently induced a hypnotic effect (Yamane et al., 2009b) . Although NMDA induced a sedative effect, the potency of NMDA for sleep-like behavior was lower than L-Glu (Yamane et al., 2009b) . Kleckner and Dingledine (1988) suggested that, for activation of the NMDA receptor-channel complex, two different agonists are required. D-Ser alone or NMDA alone showed negligible or minor effects when administered centrally (Asechi et al., 2006; Yamane et al., 2009b) . These results suggest that in contrast to L-Ser, D-Ser alone did not induce anti-stress effects under social isolation stress. Further studies focusing on the relationship between NMDA receptors and D-Ser are needed.
Dietary effects of D-Ser have not been investigated thoroughly. Sugahara et al. (1967) studied the effect of replacement of L-Ser with D-Ser (1.9%) in purified diets containing crystalline amino acids as the sole source of nitrogen, on White Leghorn chick growth. They confirmed that D-Ser had no adverse effects on growth. On the other hand, D-Ser in drinking water (350 mg/kg, for five weeks) induced antidepressant activity in mice (Otte et al., 2013) . In addition, D-Ser in drinking water caused dysfunction of insulin secretion (Suwandhi et al., 2018) . Therefore, the relationship between dietary D-Ser and various health conditions in chickens should be investigated in the future.
D-Amino Acids with Aliphatic Side Chains
D-Ala
In chicks produced from the mating of male New Hampshire with female Single Comb White Leghorn, 1.5% of dietary D-Ala caused significant growth depression, but not 2% L-Ala or 2% D-Ser. When the amino acid diet contained 4.4% of other D-amino acids, 1.25% of D-Ala also caused growth depression (Maruyama et al., 1972) .
D-Leu
Among the branched-chain amino acids (BCAAs), L-Leu markedly stimulates protein synthesis (Anthony et al., 2000) and suppresses protein degradation (Buse and Reid, 1975) in Journal of Poultry Science, 57 (1) skeletal muscles. The mechanism by which L-Leu stimulates protein synthesis in the skeletal muscle is unclear. L-Leu stimulated the phosphatidyl-inositol 3-kinase (PI3K) (Peyrollier et al., 2000; Tesseraud et al., 2003) and the mTOR kinase (Anthony et al., 2000) . In contrary, proteolysis suppression by L-Leu does not involve the mTOR signaling pathway (Mordier et al., 2000; Kanazawa et al., 2004; Nakashima et al., 2005) . L-Leu metabolite α-ketoisocaproate (α-KIC), suppresses proteolysis in incubated skeletal muscles, suggesting that transamination of L-Leu plays a vital role in the inhibitory effect of proteolysis (Tischler et al., 1982) . Nakashima et al. (2007) compared the effects of L-Leu, D-Leu, and α-KIC on myofibrillar proteolysis in the skeletal muscle of layer chicks. As a result, D-Leu and α-KIC suppress proteolytic-related genes, resulting in a decrease in myofibrillar proteolysis while L-Leu is notably less effective in the skeletal muscle of the chicks, which may be explained by the conversion of D-Leu to α-KIC. Sugahara et al. (1967) studied the effect of replacing L-Leu with D-Leu (2.3%) in purified diets containing crystalline amino acids as the sole nitrogen source on White Leghorn chicks' growth. They confirmed that D-Leu replacement caused distinct growth retardation; it had some nutritional value, even though it was less than L-Leu (Sugahara et al., 1967) .
D-Amino Acids with Side Chains Containing Basic Groups and Their Metabolites
D-Arginine (Arg)
Nitric oxide (NO) is one of the gaseous reactive oxygen species (ROS) that functions as a signaling factor in many physiological and pathophysiological conditions in animals. L-Arg is a substrate for NO synthase, and D-Arg is used as the inactive substrate of NO synthase in mammals; some studies have used D-Arg in chickens for this purpose. Adams et al. (1994) used D-Arg to investigate whether endogenous NO production is linked to 1,25-dihydroxy vitamin D 3 synthesis in the chick myelomonocytic cell line HD-11. Gwee et al. (1995) applied D-Arg to study the involvement of L-Arg-NO pathway in the nerve-evoked relaxant responses of the serotonin precontracted chick isolated upper esophagus. Ungureanu-Longrois et al. (1997) used D-Arg to investigate the effect of endogenous NO on contractile function of cultured chick embryo ventricular myocytes. Sugahara et al. (1967) studied the effect of replacement of L-Arg-HCl with D-Arg-HCl (1.9%) in purified diets containing crystalline amino acids as the sole nitrogen source on the growth of White Leghorn chicks. They concluded that the nutritional value of D-Arg-HCl was negligible, because no difference in growth between L-Arg-HCl lacking group and D-Arg-HCl added group was observed.
Published information on D-Arg in physiology and nutrition of the chicken is minimal. Nutritional functions of D-Arg, focusing on NO synthesis will be addressed in the future.
D-Lysine (Lys)
According to Grove and Roghair (1971) , the Leghorn-type chicken actively metabolized D-Lys and L-pipecolic acid (PA) in contrast to the rat. The data show that D-Lys is degraded via conversion to L-PA, α-aminoadipate, α-ketoadipate, and eventually to CO 2 . The α-nitrogen atom of D-Lys is the first one removed from the carbon skeleton by this route. Broiler chicks (Newman and Sands, 1983) , given a choice of diets prepared with an adequate quantity of L-Lys or the same dose of D-Lys, preferred the L-Lys diet, but did not ingest sufficient amount of L-Lys to reach standard growth. These observations indicate that chicks can discern the presence of L-Lys in diets or separately, but cannot ingest adequate quantity to maximize growth potential. A diet prepared with D-Lys was more acceptable than one devoid of Lys, suggesting that chickens may have some sensory recognition for Lys. D-PA L-PA is a primary metabolic intermediate of L-Lys in the White Leghorn chick brain (Nomura et al., 1978) . The major pathway of L-Lys metabolism includes the intermediate saccharopine, but this pathway predominates in the liver and is not very active in the human brain (Hutzler and Dancis, 1968) . Therefore, the L-PA pathway may be particularly important in the brain.
The PA exists as L-and D-enantiomers. L-and D-PA has also been found in human physiological fluids such as plasma, urine, and cerebrospinal fluid (Armstrong et al., 1993a, b) . Takagi et al. (2001) administered L-PA i.c.v. to examine its effect on food intake in broiler chicks (Cobb); while the i.c.v. injection of L-PA suppressed food intake, a higher concentration than D-PA was required during a short period (Fig. 2) . L-and D-PA may have different metabolic mechanisms (Dancis and Hutzler, 1981) . Takagi et al. (2001) observed an increase in sleep-like response following the i.c. v. injection of L-PA. Takagi et al. (2003) investigated the association of induction of sleep-like behaviors by L-PA with GABA neurotransmission and the GABA subtype receptor activation mediates this effect in broiler and layer chicks. L-PA increased the duration of sleeping posture time and decreased the waking posture time, and the GABA-A antagonist picrotoxin attenuated the effects. Similarly, the GABA-B antagonist CGP54626 also attenuated the effects of L-PA. Together, these findings suggest that in neonatal chicks, the induction of sleep-like response by L-PA involved the GABAergic system. However, the details of the function of D-PA remain unknown.
D-Ornithine (Orn)
The effects of i.c.v. injection of L-Orn, L-citrulline, and D-Orn were compared in layer chicks under isolation-induced stress (Kurauchi et al., 2009 ). L-Orn greatly attenuated the stress response and induced sedative and hypnotic effects. However, D-Orn weakly attenuated the stress responses, while L-citrulline did not. Involvement of L-Orn, its other metabolites, or both were investigated for sedative and hypnotic effects under social separation stress (Kurauchi et al., 2010) . The effects of i.c.v. injection of L-Orn and polyamines (putrescine, spermidine, and spermine) were compared in chicks. L-Orn significantly attenuated the stress Tomonaga and Furuse: D-Amino Acids in the Chicken response and caused sedative and hypnotic effects. Among the polyamines, only putrescine attenuated distress vocalizations but did not induce sleep. It was concluded that the sedative and hypnotic effect of L-Orn was induced primarily by L-Orn. Later, Kurata et al. (2011) showed L-Orn function by the activation of GABA-A receptor. These results indicate differential effects of L-Orn and D-Orn in the brain of chickens. However, from the nutritional point of view, dietary L-Orn or D-Orn has not been well investigated in chickens.
D-Amino Acids with Side Chains
Containing Sulfur Atoms
D-Cysteine (Cys)
Excitatory amino acid receptor potency and subclass specificity of sulfur-containing amino acids were investigated (Pullan et al., 1987) in two excitatory amino acid receptor functional assays and receptor binding assays. The sulfur-containing amino acids, L-and D-cysteate, L-Cys, Land D-Cys sulfinate, L-and D-Cys-S-sulfate, L-cystine, Land D-homocysteate, L-and D-homocysteine sulfinate, Lhomocysteine, L-serine-O-sulfate, and taurine were tested. The majority of the sulfur-containing amino acids tested showed the highest affinities for the NMDA and L-2-amino-4-phosphonobutanoate binding sites. Most of the sulfurcontaining amino acids inhibited sodium-dependent L-[ 3 H] glutamate binding. The L isomers were more potent inhibitors than the D isomers, with substantial difference seen for L-and D-Cys-S-sulfate and negligible selectivity displayed for L-and D-Cys sulfinate. Yamane et al. (2009a) reported that the i.c.v. injection of L-Cys and D-Cys decreased both distress vocalization and spontaneous activity induced by isolation in layer chicks. However, the two Cys isomers induced different behaviors. L-Cys increased sleep-like behavior while D-Cys caused abnormal behavior, including syncope as well as sleep-like behavior. In conclusion, while both L-Cys and D-Cys caused a sedative effect when injected i.c.v., D-Cys caused abnormal behavior and may be detrimental to neonatal chicks. According to the results mentioned above (Pullan et al., 1987) , abnormal response caused by central D-Cys might not be through the Glu sub-receptors. Both L-Cys and D-Cys can stimulate hydrogen sulfide (H 2 S) via different mechanisms in mammals (Shibuya and Kimura, 2013) . H 2 S functions in the regulation of neuronal activity, vascular tension, release of insulin, and protection of certain tissues from ischemic insults (Shibuya and Kimura, 2013) . Therefore, efforts focusing on H 2 S may be useful to discern the differences in physiological and nutritional effects of L-Cys and D-Cys in chickens.
D-Methionine (Met)
In chickens, L-Met is absorbed by an efficient active transport mechanism. In contrast, D-Met absorption by the same transporter is less efficient. D-Met oxidase, which converts D-Met to the keto analog, is quite active (Scott et al., 1982) . Kuzmicky et al. (1977) compared three Met sulfoxides and DL-Met in White Rock broiler chickens. The availability of D-, DL-, and L-Met sulfoxide were 52, 59, and 77%, respectively. The differences in the availability of the three sulfoxides and DL-Met were significant. Both DLand D-Met sulfoxide were available less significantly than L-Met sulfoxide. Baker (1979) Met-sparing value of 100% and N-acetyl-D-Met a value of zero. Isosulfurous levels of excess L-Met or N-acetyl-L-Met were equally growth depressing, but L-Met elevated spleen iron deposition to a greater extent than N-acetyl-L-Met. N-acetyl-D-Met in excess showed slight growth depression, entirely due to decrease in voluntary food intake. Baker and Boebel (1980) evaluated the relative efficacy of the D-and L-isomers of Met and 2-hydroxy-4-(methylthiobutyrate) Ca (OH-Met) in chicks from crossing male New Hampshire with female Columbian. With crystalline amino acid diets, D-OH-Met was decisively superior to L-OH-Met as a source of Met activity. The D-isomer of OH-Met was also notably more toxic than the L-isomer, as measured by the magnitude of growth depression and severity of hemolytic anemia. DL-OH-Met was intermediate in toxicity between the pure D-and L-isomers. These results suggest that chickens can utilize D-Met similarly to L-Met, but the efficacy is lower.
D-Amino Acids with Side Chains
Containing Aromatic Rings Morrison et al. (1956) showed utilization of the D-Trp without the microflora assistance in chicks produced from mating the male New Hampshire with female Columbian and suggested that inefficient absorption results in a very high requirement for orally administered D-Trp. The nutritive values of DL-and D-Trp relative to the L-Trp were 47 and 21%, respectively in White Leghorn chicks (Ohara et al., 1980a) . Conversion of D-Trp to the L-Trp was seen in the rat but was absent in chicks. Under similar conditions, D-Trp was measured in the urine of rats and chicks. In rats, of the amount administered only 1% of D-Trp was excreted at most, while most of the D-Trp was excreted (Ohara et al., 1980b) in chicks. In White Leghorn chicks, the relative biological utilization of DL-and D-Trp compared to L-Trp was approximately 55 and 15%, respectively (Ohara and Ariyoshi, 1979) . L-and DL-tryptophan were compared to their ability to replace niacin in the diet of the chick. L-Trp was found to be approximately twice as active as DL-Trp when the diet contained glucose as the source of carbohydrate. When starch replaced glucose in the diet, the D-Trp was of some value. The different D-Trp values in starch vs. glucose were due to changes in the bacterial flora of the digestive tract since the D-Trp value decreased by the addition of sulfasuxidine to the diet. Zamenhof and Ahmad (1979) investigated the effect of early addition of exogenous nutrients on brain growth in White Leghorn chick embryo. The nutrients were introduced into the chorioallantoic membrane on day six or seven of embryonal life. The cerebral hemispheres examined at the end of neuronal proliferation for the following parameters: weight, DNA content (index of cell number), and protein content. D-Trp (slower transport) was inactive, but L-Trp produced significant inhibition. L-Trp inhibited probably by creating amino acid imbalance and interfering with the transport of other amino acids.
D-Tryptophan (Trp)
L-and D-Trp were compared under CRH-augmented social isolation stress (Yoshida et al., 2015) in layer chicks. When comparing the efficacy between L-and D-Trp against stress behavior, both exhibited a similar effect and quickly suppressed distress vocalizations (Fig. 3) . However, the difference in mechanisms of action between the two Trp is not understood.
From these results, even though the nutritional value of D-Trp is well characterized, it is unclear whether it is physiologically relevant.
D-Amino Acids with Side Chains
Containing Imino Group D-Proline (Pro) Cherkin and Van Harreveld (1978) showed the importance of the L-configuration in White Leghorn chickens for the effects of L-Pro on memory and spreading depression, but not D-Pro and L-azetidine-2-carboxylic acid (L-A2C, the lower homolog of L-Pro). L-Pro, D-Pro, six Pro analogs including two homologs (L-A2C and DL-PA), and five other compounds were examined for their effects on spreading depression and their amnestic and electrophysiological effects (Van Harreveld et al., 1980) . L-Pro, L-baikiain, DL-3, 4-dehydroproline, and L-4-hydroxyproline all reduced the incidence of spreading depression in the chick retina and proved to be amnestic. D-Pro, L-pyroglutamic acid, L-A2C, DL-PA, L-Glu diethyl ester, L-isoleucine, and L-norleucine, neither depressed spreading depression nor caused retrograde amnesia. L-Prolyl-L-Pro and L-glutamine did not reduce spreading depression at low concentrations but had significant amnestic effects. None of the listed compounds induced EEG disturbances. Implications for memory mechanisms are discussed in the light of these results.
The action of Pro and its Glu antagonist analog was investigated in the brain tissue of the White Leghorn chicks (Pico et al., 1983) . Brain slices were incubated in low concentrations of L-Pro, D-Pro, DL-3,4-dehydro-Pro, L-prolyl-L-Pro, or avian physiological salt solution before induction of depolarization by application of 45 mM K + . Glu was determined in the efflux material collected both before and after tissue stimulation. The release of endogenous Glu was inhibited significantly by exposure to L-Pro, DL-3, 4-dehydroproline, and L-prolyl-L-Pro, but not to D-Pro.
Two-and five-day-old White Leghorn chicks were injected i.c.v. with D-Pro and L-Pro at 345 μg or 690 μg. D-Pro produced convulsions and lethality, but was nonamnestic, whereas the naturally occurring L-Pro isomer, was non-convulsant and non-toxic but amnestic. D-Pro produced convulsions were accompanied by reduced high frequency in the electroencephalogram and increased slow-wave activity . Hamasu et al. (2010) compared the central effects of L-Pro, D-Pro, and trans-4-hydroxy-L-Pro with a lower level (0.5 μmol (57.5 μg) /10 μl) by using the acute stressful model with neonatal layer chicks. All compounds induced the sedative and hypnotic effects. However, plasma corticosterone release under isolation stress was attenuated only by L-Pro. To understand the mechanism Tomonaga and Furuse: D-Amino Acids in the Chicken by which L-Pro and D-Pro induce sedative and hypnotic effects, the contribution of the strychnine-sensitive glycine receptor (glycine receptor) and NMDA receptor was investigated further. The glycine receptor antagonist strychnine was co-injected i.c.v. with L-Pro or D-Pro. The suppression of isolation-induced stress behavior by D-Pro was attenuated by strychnine. However, the suppression of stress behavior by L-Pro was not attenuated. The NMDA receptor antagonist (+)-MK-801 was co-injected i.c.v. with L-Pro. The suppression of stress behavior by L-Pro was attenuated by (+)-MK-801. The above data show differential induction of sedative and hypnotic effects through NMDA and glycine receptors by L-Pro and D-Pro, respectively.
Collectively these results indicate the effect of D-Pro is different from L-Pro. However, its physiological importance is unclear.
Conclusions and Future Perspectives
We acquired substantial information on D-amino acids in chickens from the published literature. However, research on D-amino acids in chickens is limited. To understand the physiological and nutritional importance of D-amino acids, both endogenously synthesized and exogenously available D-amino acids should be investigated more precisely. Because of the availability of novel sensitive and accurate analytical methods (Ishii et al., 2018; Nakano et al., 2019) , their application to poultry science will be beneficial. Not only tissues and body fluids, but also cecal content should be investigated to identify the involvement of gut microbiota. To date, it is unknown whether gut microbiota in chickens produces D-amino acids, and if it is physiologically active or not. Hence, studies using germ-free chickens, with proven Journal of Poultry Science, 57 (1) utility in the nutritional science of chickens (Furuse and Okumura, 1994) , are necessary. In addition, identification of mechanisms underlying the pharmacological effects of Damino acids may be useful for poultry science. For example, the relationship between D-Cys and H 2 S should be investigated, because H 2 S generation from D-Cys is expected to be beneficial for mammals (Shibuya and Kimura, 2013) . In conclusion, further studies are required to understand the nutritional characteristics and functions of D-amino acids in the chicken.
